Background: Enterococci frequently cause severe biofilm-associated infections such as endocarditis. The combination of ampicillin/ceftriaxone has recently been clinically evaluated as non-inferior compared with the standard therapy of ampicillin/gentamicin for treatment of Enterococcus faecalis endocarditis. Ceftaroline is a novel cephalosporin with enhanced activity against Gram-positive bacteria.
Introduction
Enterococci frequently cause biofilm-associated infections such as catheter-related bloodstream infections, urinary tract infections and infective endocarditis (IE). 1 Biofilms are matrix-embedded communities that aggregate on artificial or natural surfaces and exhibit increased resistance to attacks from the host's immune system and antibiotic therapy, often resulting in treatment failure, relapsing infections and increased lethality. 2, 3 Because the majority of clinical Enterococcus faecalis isolates remain susceptible to b-lactams, the most recommended antibiotic treatment of IE caused by E. faecalis involves ampicillin combined with gentamicin for 4-6 weeks. 4 However, this therapy is limited due to the severe side effects of aminoglycosides (nephrotoxicity and ototoxicity) and the emergence of high-level aminoglycoside resistance (HLAR) among E. faecalis isolates. 5 A combination of two b-lactam antibiotics, ampicillin and ceftriaxone, was recently proven in a retrospective cohort study as noninferior and well-tolerated compared with the standard therapy and has therefore been recommended for treatment of infections caused by high-level aminoglycoside-resistant E. faecalis.
6
Ceftriaxone is a third-generation cephalosporin and, as most cephalosporins, is ineffective individually in enterococci, but synergistically supports ampicillin by differential and stepwise saturation of PBPs. 7 Ceftaroline is a novel, broad-spectrum, fifthgeneration cephalosporin that, in contrast to ceftriaxone, shows enhanced in vitro activity against Gram-positive bacteria, including enterococci. 8 It is approved for the treatment of acute Staphylococcus aureus-related skin infections and communityacquired pneumonia. In vitro data have demonstrated that ceftaroline has anti-biofilm activity against nascent and mature staphylococcal biofilms. 9 , 10 We thus hypothesized that in line with current antibiotic combination therapies for enterococcal IE, ceftaroline plus ampicillin might be an effective treatment option for E. faecalis biofilm-associated infections. Recently, synergistic effects between ceftaroline and ampicillin against E. faecalis isolates were demonstrated in time-kill experiments 11 as well as in pharmacokinetic/pharmacodynamic (PK/PD) models, including simulated endocardial vegetations. 12, 13 However, the effectiveness of this combination in enterococcal biofilms is still unknown.
The aim of this study was to elucidate the in vitro effectiveness of the ceftaroline/ampicillin combination in comparison with the current standard gentamicin/ampicillin treatment and the recommended alternative ceftriaxone/ampicillin treatment in biofilms of clinical E. faecalis isolates. We therefore analysed the biofilmeradicating and biofilm-preventing activity of these antibiotics and their combinations, the latter in terms of their biofilm prevention concentrations (BPCs), and conducted chequerboard assays to analyse synergistic effects in planktonic cultures and biofilms.
Materials and methods

Enterococcal strains, liquid cultures and antimicrobials
Clinical E. faecalis (n " 20) isolates were acquired from blood cultures or from swabs of mitral valves by the Institute of Medical Microbiology at Jena University Hospital, Germany (Table 1 ). E. faecalis ATCC 29212 served as a reference strain for the chequerboard assays. Bacterial liquid cultures were prepared in Todd Hewitt (TH) broth (Karl Roth, Karlsruhe, Germany) and incubated at 37 C at constant rotation speed (approximately 13 g) for 2-3 h. Test solutions of ampicillin (Karl Roth, Karlsruhe, Germany), ceftriaxone (TCI Europe, Zwijndrecht, Belgium), gentamicin (TCI Europe, Zwijndrecht, Belgium) and ceftaroline (Forest Laboratories, New York City, USA) were prepared immediately before usage.
MLST
MLST was performed according to Ruiz-Garbajosa et al.
14 For DNA isolation, 2-3 colonies of each isolate were resuspended in RNase-free H 2 O and denatured at 95 C for 10 min. The DNA was separated from cell debris by centrifugation at 12 000 g for 5 min. PCR was performed in a 25 lL reaction mixture containing 2 mM MgCl 2 , 1%KCl buffer, 1.5 U/lL Taq standard polymerase (all Thermo Fisher Scientific, Massachusetts, USA), 0.2 mM dNTPs (Karl Roth, Karlsruhe, Germany), 0.4 lM of each forward and reverse primer and 150 ng of chromosomal DNA. PCR products were purified using a NucleoSpin V R Gel and PCR Clean-up Kit (Macherey-Nagel, Düren, Germany) and quantified in the Infinite V R 200 plate reader (Tecan, Männedorf, Switzerland) using a NanoQuant plate, both following the manufacturers' protocols. Samples were sequenced with forward and reverse primers at the EZ-Seq service (Macrogen, Amsterdam, The Netherlands). Allelic profiles and STs were assigned in accordance with the E. faecalis MLST database (http://efaecalis.mlst.net/) and analysed by the Draw Tree module applying the neighbour joining algorithm.
Antimicrobial synergism testing by chequerboard assays
The chequerboard assays were performed with 11 double-dilution steps of either ceftaroline, ceftriaxone or gentamicin and 7 double-dilution steps of ampicillin, as described previously. 15 Antibiotic concentration ranges were selected based on MIC values determined by the broth microdilution method according to EUCAST guidelines (ISO 20776-1:2006), except that TH broth was used instead of Mueller-Hinton broth. Each chequerboard assay was performed in duplicate. The effects of the combined antibiotics were evaluated by calculating the fractional inhibitory concentration indices (FICI) along the turbidity/ non-turbidity interface as described previously. 15 The lowest FICI value was used for interpretation and we assumed synergism occurred at FICI 0.5, antagonism at FICI 4 and no interaction at 0.5 , FICI , 4.
Anti-biofilm testing
Biofilms were grown in optical microtitre plates (0.54 cm 2 /well) with glass bottoms (Greiner Bio-one, Kremsmünster, Austria) in triplicate by applying 100 lL of a bacterial suspension (0.5 McFarland) to each well. Plates were placed in a humidified chamber and incubated at 37 C, 5% CO 2 without shaking. To assess biofilm-eradicating effects, we grew the biofilms for 24 h, carefully removed the supernatant and added 100 lL (2%50 lL each for the combinations) of the antibiotic solution prepared in TH medium. Medium was changed in the untreated growth controls. Plates were incubated for a further 24 h before analysis.
For assessment of the BPC, the antibiotics in sub-MICs were directly added to the bacterial suspension (0.5 McFarland/well). The plates were grown for 48 h without the medium being changed. For quantification of antibiotic effects, the viable cell number was determined by counting the number of viable bacteria (corresponding to cfu/cm 2 ). The supernatant of the biofilms was therefore carefully removed; the biofilms were washed twice with 100 lL of sterile NaCl, scraped off and resuspended in TH medium. Selected 10-fold dilutions were plated on TH-agar plates and incubated overnight at 37 C, followed by counting of cfu/mL. The BPC was defined as the first concentration at which the viable cell count decreased significantly by 1 log magnitude compared with the untreated control, referring to Macia et al. 16 
Biofilm imaging and computed analysis
Biofilms were stained using the LIVE/DEAD BacLight Bacterial Viability Kit for microscopy (Life Technologies GmbH, Darmstadt, Germany) according to the manufacturer's protocol. Stained biofilms were analysed under vital conditions using an inverse confocal laser scanning microscope (CLSM), LSM510 (Carl Zeiss AG, Jena, Germany), as described previously. 17 The biofilm images were visualized by ZEN 9.0 software (Carl Zeiss AG, Jena, Germany). The biofilm experiments [eradication and prevention (BPC)] were independently performed in duplicate for each strain and in triplicate for each assay. Quantitative analysis of biofilm images was performed by an algorithm termed qBA (quantitative biofilm analysis) that determined the number of bacterial counts/cm 2 . 17 
Statistical analysis
The correlation of the MIC was analysed by non-parametric Spearman's rank correlation coefficient (r s ) with a two-tailed CI of 95%. The nonparametric Kruskal-Wallis test followed by Dunn's multiple comparison post-test with a CI of 95% was used for statistical analysis of the cfu/mL or cfu/cm 2 quantification. Differences were considered significant at P values ,0.05.
Results
Characterization of isolates
Most of the clinical isolates (14/20) were obtained from patients with biofilm-associated infections, including three isolates from patients with endocarditis (Table 1) . Among the 20 isolates, Thieme et al.
9 isolates exhibited unique STs and variable resistance profiles. Six isolates, all highly resistant to gentamicin and ceftriaxone (512 mg/L), belonged to ST6, whereas ST64 (n " 2) and ST16 (n " 3) also showed resistance to those antibiotics, but had different MIC values.
Synergy testing on planktonic bacteria
To analyse synergistic effects between ceftaroline/ampicillin, ceftriaxone/ampicillin and gentamicin/ampicillin, we performed chequerboard assays for the 20 clinical E. faecalis isolates and the laboratory standard strain ATCC 29212 (Table 1 ). All isolates Figure S2 (available as Supplementary data at JAC Online)].
The MIC values of ceftriaxone ranked between 2 and .512 mg/L, while the MIC values of ceftaroline were generally lower, with values between 0.125 mg/L and 8 mg/L (Table 1 ). Both the MIC of ceftriaxone and the MIC of ceftaroline showed no correlation with the MIC of ampicillin, but the MIC of ceftaroline positively correlated with the MIC of ceftriaxone (r s " 0.705, P , 0.001).
Synergistic effects were observed for ceftaroline and ampicillin in 19 of 21 tested isolates, with FICI values of ampicillin/ceftaroline between 0.25 and 0.50 (Table 1) . Ceftriaxone and ampicillin synergistically inhibited the growth of 17 isolates, with FICI values of ampicillin/ceftriaxone between 0.1 and 0.5; 15 of these isolates also showed synergistic effects for ceftaroline and ampicillin. At higher concentrations of ceftriaxone (alone and in combination with ampicillin), visible turbid clusters were observed beyond the turbid/non-turbid interface (greater than the MIC of ceftriaxone) for individual isolates (marked in Table 1 ), suggesting regrowth. This phenomenon was not observed for ceftaroline.
Low concentrations of ceftaroline or ceftriaxone were sufficient to strongly reduce the effective concentrations of ampicillin ( Figure S2 and Table 1 ). This effect was most apparent in isolates with high MICs of ceftriaxone, as shown by a weak correlation between the FICI of ampicillin/ceftriaxone and the MIC of ceftriaxone (r s " #0.54, P " 0.025).
No correlations between the other MICs and the FICI values or between FICI values and clonality based on MLST ( Figure S1 ) were observed.
Biofilm eradication by ceftaroline, ceftriaxone, ampicillin and gentamicin Biofilm-eradicating effects were assessed by CLSM imaging of five biofilm-associated isolates from patients with endocarditis (va245, va67230, bk905) or urosepsis (bk1653, bk6037); these isolates all exhibited synergistic FICI values for the ceftaroline/ampicillin combination (Table 1) . Except for isolate bk6037, the isolates produced strong biofilms after 24 h of growth (data not shown). None of the antibiotics in concentrations up to 1000% MIC showed visible biofilm-eradicating effects in any of the isolates, neither alone nor in combination, compared with the untreated control after 24 h of exposure. The biofilms' thicknesses did not decrease, and the number of dead bacteria did not increase after antibiotic exposure ( Figure S3 ).
Biofilm prevention by ceftaroline, ceftriaxone, ampicillin and gentamicin
The BPC was tested at sub-MICs of ceftaroline, ceftriaxone, ampicillin and gentamicin for selected isolates (va245, va67230, bk1653 and bk6037). Subinhibitory concentrations of both cephalosporins (ceftaroline and ceftriaxone) induced morphological alterations at the single-cell level in a concentration-dependent manner ( Figure 1 ). As shown in isolate bk1653, the enterococci elongated with increasing ceftaroline and ceftriaxone concentrations in all Z-layers, adapting a long rod shape at 1/8% MIC that resulted in filamentous structures. This effect, albeit not as strongly, was also observed for isolates va245 and va67230 (data not shown). The elongated cells were viable, but their density decreased with increasing cephalosporin concentrations as confirmed by cfu/mL count and qBA ( Figure 2) . As per definition (see the Materials and methods section), the BPCs of both cephalosporins were reached at the elongated stage at 1/8% MIC (0.125 mg/L ceftaroline and 2 mg/L ceftriaxone). At cephalosporin concentrations higher than the BPC, the elongated enterococci reverted to the coccal shape and appeared as clusters in the CLSM images (Figure 1) . Ceftaroline-induced cell clusters disappeared at 4% MIC of ceftaroline (4 mg/L), while ceftriaxone-induced clusters were still present at the highest concentration tested (16% MIC of ceftriaxone, 256 mg/L) (data not shown).
In contrast to the response to the cephalosporins, cell elongation was not observed with ampicillin exposure (Figure 1 ). The number of viable bacteria remained stable at increasing concentrations until a sudden drop at the BPC at 1/2% MIC of ampicillin (0.5 mg/L ampicillin) (Figure 2 ). However, ampicillin concentrations above the BPC led to increased bacterial counts, which correlated with cluster formation observed in the CLSM images as under cephalosporin treatment (Figure 1 ). The clusters disappeared at 2% MIC of ampicillin (2 mg/L) (data not shown).
In contrast to the b-lactams, gentamicin killed bacterial cells in the nascent biofilm in a concentration-dependent manner without the clustering effect. Gentamicin did not prevent biofilm formation below the MIC (64 mg/L), but at the MIC of gentamicin (" BPC) no cfu/mL were detected.
Synergism in biofilm prevention by ampicillin combined with ceftaroline or gentamicin
Only a minor synergism between ampicillin and ceftaroline in biofilm prevention was detected at 1/8% MIC of ampicillin because the viable cell numbers per cm 2 from the untreated control value were not reduced by 1 log magnitude (Figure 3a) . Combining sub-MICs of ceftaroline with increasing ampicillin concentrations 1/8% MIC of ampicillin led to the same cell shape change from elongation to coccal clusters as was observed with only sub-MIC ceftaroline exposure ( Figure S4 ). However, the clustering effect was achieved at lower ceftaroline concentrations in combination than with treatment with ceftaroline alone. The BPC for the ceftaroline/ampicillin combination was first reached at 1/4% MIC of ampicillin and 1/32% MIC of ceftaroline, with a reduction in viable cells/cm 2 of at least 1.5 log magnitudes (Figure 3a) . No elongated cells or clusters were observed under these conditions ( Figure S4 ). The minimum number of viable cells/cm 2 was reached at 1/2% MIC of ampicillin plus 1/32% MIC of ceftaroline. Synergy inversion was surprisingly observed with increasing ceftaroline concentrations, i.e. cell numbers were higher than under 1/2% MIC of ampicillin alone (Figure 3a) .
The ampicillin/gentamicin combination indifferently affected biofilm prevention (Figures 3b and S5) . The combination of gentamicin at concentrations below the MIC of gentamicin and Thieme et al.
ampicillin at 1/2% MIC of ampicillin increased the bacterial count by 1 log magnitude, indicating an antagonistic effect (Figure 3b ).
Formation of small colony variants (SCVs) under antimicrobial treatment
The formation of clusters above the BPC of ceftaroline, ceftriaxone and ampicillin led us to quantify the proportion of SCVs 18 in the viable bacteria (isolates bk1653 and va67230) (cfu/mL) after biofilm growth in the presence of 0.5%, 1% and 2% MIC of each antibiotic. After 48 h, biofilms were resolved and plated on agar to allow for cfu/mL and SCV determination. SCVs were distinguished from normal bacteria as pinpoint colonies 18 at higher dilutions of the bacterial suspension. Isolate bk1653 showed a high proportion of SCVs (between 40% and 70%; Figure 4 ) in the presence of 0.5% and 1% MIC of each b-lactam. At 2% MIC, only the cephalosporins selected SCVs, while under ampicillin exposure, the SCV proportion was strongly reduced to 1.5%. In contrast to isolate bk1653, isolate va67230 produced SCVs only at 0.5% MIC of ampicillin and at all tested ceftaroline concentrations, but not under ceftriaxone exposure (data not shown). Gentamicin led to low or undetectable levels of SCV formation at all concentrations tested in both isolates. In the untreated control and at concentrations lower than 0.5% MIC, the SCV phenotype was not detected for either isolate.
Discussion
In the present study, 20 clinical E. faecalis isolates and one laboratory standard strain were analysed in vitro for synergism between Thieme et al.
ampicillin and ceftaroline, ceftriaxone or gentamicin in the planktonic and biofilm-embedded status, respectively. Nine isolates were not related to each other and most likely not of nosocomial origin. In contrast, we cannot clearly exclude a nosocomial source for the three clonal clusters, with ST6 being a prevalent clade often found in wild animals 19 and livestock, 20 but also spreading endemically in hospitals. 19, 21 Compared with the current standard therapy of gentamicin/ ampicillin for E. faecalis IE, the ceftaroline/ampicillin combination showed a superior synergistic effect in vitro against planktonic cultures of clinical E. faecalis isolates, including all HLAR isolates, but FICI values were similar compared with those of the recently recommended ceftriaxone/ampicillin combination. 4 These results are in accordance with those of two recently published smaller studies that reported synergism of ceftaroline/ampicillin combinations in different PK/PD models and concluded that only in a limited number of strains ceftaroline might have better activity than ceftriaxone in combination with ampicillin. 12, 13 However, E. faecalis infections associated with biofilm formation are less susceptible to antibiotics due to biofilm-specific antimicrobial tolerance mechanisms, such as reduced antibiotic penetration and metabolic dormancy. 22 The routinely assessed MICs of antibiotics that are sufficient to kill planktonic bacteria are thus usually insufficient to eradicate their biofilm-embedded counterparts. 23 Biofilm susceptibility testing is not currently part of diagnostic routines because neither standards for biofilm analysis nor specific breakpoints have been established by official agencies such as EUCAST. We therefore used a microscopy approach to evaluate the efficacy of ampicillin combined with ceftaroline, ceftriaxone or gentamicin in biofilm eradication and the inhibition of biofilm formation and compared the results with the resourceconsuming method of cfu/mL determination. The reduction in viable bacterial counts/cm 2 in the CLSM images obtained by qBA corresponded to the cfu/cm 2 values, but the qBA values were generally lower because the analysed areas of the images were at the centres of the wells, which bear fewer cells than the edges of Antibiotic combinations against E. faecalis biofilms JAC the wells; in contrast, the edges were included in the cfu/mL determination.
Neither the individual antibiotics nor their combinations were sufficient to eradicate established E. faecalis biofilms in vitro. It is still unclear whether b-lactams and aminoglycosides efficiently penetrate the biofilm matrix of E. faecalis because we are not aware of any studies of E. faecalis biofilm penetration. Both antibiotic classes exhibit limited anti-biofilm activity in many species. 24 Because b-lactams are inhibitors of cell wall synthesis, the effectiveness of the b-lactam combinations in biofilm eradication is likely hampered by the strongly slowed cell division in metabolically dormant biofilms. 24 Gentamicin alone showed promising biofilm-preventing activity but was only effective outside clinically tolerable concentrations. No reduction in BPC of gentamicin was achieved when it was used in combination with ampicillin. All tested b-lactams reduced biofilm formation at sub-MIC concentrations. The combination of ampicillin with ceftaroline, compared with each b-lactam alone, improved the inhibition of biofilm formation in a concentrationdependent manner, suggesting a synergistic interaction between these b-lactams. PBPs 2 and 3 have been identified as primary targets of cephalosporins, while aminopenicillins target PBPs 4 and 5.
7 Ampicillin and ceftaroline, similar to the ampicillin/ceftriaxone combination, are thus likely to synergize by inhibiting complementary PBPs, thereby disrupting the cooperation of the PBPs necessary for cell wall biosynthesis. 25 Ceftaroline has a higher affinity than ceftriaxone to PBP 5 while maintaining a high affinity for PBPs 2 and 3, 8 which explains the lower MIC values of ceftaroline compared with ceftriaxone. The most effective dosing of ceftaroline/ ampicillin was achieved at 1/32% MIC of ceftaroline and 1/4% to 1/2% MIC of ampicillin in the BPC experiments, but synergy inversion was observed with increasing ceftaroline concentrations. The effectiveness of ampicillin was thus increased by very low ceftaroline concentrations but was hampered by higher sub-MIC concentrations of ceftaroline. Lower concentrations of ceftaroline likely saturate PBPs 2 and 3, complementing PBP 4 and 5 saturation by ampicillin, while at higher concentrations, ampicillin and ceftaroline may compete for binding of PBP 5, leading to an antagonistic effect. However, this behaviour was not observed at the planktonic level in the chequerboard assays, which displayed synergistic concave isoboles ( Figure S2 ). This result might be caused by the different inocula that were used, i.e. 5%10 5 cfu/mL for MIC and synergism assays versus 1%10 8 cfu/mL in BPC assays. The cephalosporins exhibited a U-shape dose-response relationship in biofilm prevention, which resulted in cell elongation and reclustering in a concentration-dependent manner. Both ceftaroline and ceftriaxone at sub-MICs led to filamentation, suggesting a similar mode of action for both cephalosporins. This hypothesis is further supported by the significant correlation of the MIC of ceftriaxone with the MIC of ceftaroline and the lack of correlation of both with the MIC of ampicillin. The observed filamentation may be explained by an inhibition of cell separation. Specific PBPs of Streptococcus pneumoniae have been involved in septal ring closure in previous studies. 26 PBPs 2 and 3 of E. faecalis, which become saturated at very low concentrations of cephalosporins, 7 might also be involved in this process. Elongation of bacterial cells exposed to cephalosporins has been described for different Gram-negative bacterial species, 27 ,28 but to our knowledge this report is the first regarding this behaviour in enterococci. Both cephalosporins strongly induced the formation of SCVs at concentrations close to their respective MICs, but with different intensities and not in all isolates. The observed clusters of viable cells escaping the cephalosporins most likely represented the SCVs, and the clustering might be the result of the reduced SCV growth rate. 18 Further, the disappearance of the cell clusters at 2% MIC of ampicillin correlated with the decrease in the SCV rate of some isolates (e.g. bk1653) at 2% MIC of ampicillin. Clusters were still observed at 16% MIC of ceftriaxone, indicating that ceftriaxone is unable to kill SCVs.
This study suggests that combinations of cephalosporins or gentamicin with ampicillin may be only advantageous for the treatment of persistent bacteraemia (i.e. planktonic cells) but seem to be non-superior compared with monotherapy against mature biofilms. In this regard, the recommendation to treat patients that have enterococcal endocarditis over the entire 4-6 weeks with an antibacterial combination may be questioned, particularly in the face of increased risks of prolonged cephalosporin (e.g. Clostridium difficile colitis) and gentamicin treatment (e.g. nephrotoxicity). 4 Furthermore, high cephalosporin concentrations seem to favour selection of SCVs, suggesting that higher doses of combined ceftriaxone (e.g. 2%2 g daily) might even be detrimental, at least for some strains. Clinical studies are therefore mandatory to elucidate whether the selection of SCVs composes a risk of using combined therapies against enterococcal biofilmassociated infections. Thieme et al.
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